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ABSTRACT

Presented is a discussion of the role of explanation
and prediction in determining science curriculum content. It is the
author's contention that many of the concepts currently presented in
high school and college science courses are based on assumptions long
rejected as false by scientists because curriculum designers have
failed to examine carefully the difference between explanation and
prediction as bases for acceptable scientific theories. It is
suggested that curriculum be Jleveloped which is based on a study by
analogy of the more familiar and easily understood examples of
explanation and prediction in science, thereby allowing students to
look on explanations as useful but tentative nodels for examining the
universe, (Author/PEB)
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ABSTRACY .-

Ly of the coneepts currently prescated fu high school and college
geluance courser are based on assumpt iens whieh have loag becn rejected aa false
by sefenidatas Thiv paradow exints, in part, because curriculun desfgners have
failed to exontne carefully the difference between axplanation and prodiction

s basea Sor aeveptable selentdfie theordes, Thiv failure ds vooted 3u a mis-
fnterpretation of what in kuown as the Correspondence Principle, the principle
which holde that any new theory 1n seioence must reduce to the old wellegutabe-
lishoed theory to whifeh (U corresponds when the new theory is applicd to the
cirveumstances for which the less general theory fs known to hold., While this
s cortatnly true with respeet to predictions, i.o. any new theory nmust be at
least as good as the old theory in accounting fer observed pheunomena, it iz

often not the case vith respect to cxplanations, -

New theowies in sclience often present entirvely different ways of
vicwing and explatning nature, even though under corresponding cirvcumstances
their predictions are esseatially the sama as those of the theories they re-

p]ac\-'. .. .

The fa'lure to take account of these differences raise scerious prob-
lems {n future science curriculum design., While it may seem appropriate to
emphasize the teavhiing of unew theorices in place of older ones, it must be
recognifzed that maay of the new theories of today will be the old theories of
tomortrers Does It make sense to coustantly revise our curriculum simply to
keep up with current theeries which have not yet been disproved? The situation
is made more comples by the fact that many of our new, broader theories are more
difficult to understand and (o teach than are the theories they replace. On the
other hand hoew loug can we continue to teach theories which work in a predictive

sense but are basced or false explanations?
One possible solution is to reject explanation altogether as a basis

for scientific theories and to rely solely on the eriteri. of accurate predic-

tion,  Souwn philocopher: of scivace argue for this positicen, but wost arc
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i tlang to aceeps sueh s approachs & twde dseful approach g to develup

a curriculun based on g study by apalegy of the worve fambl iy and sasily
widetstood esawnles of vaplunation and prediction tn aedencw, theraby allowiug
students to Yool upon explanstions as useful but tentative modols for ekanine
fug the unlverae, ‘ .
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Richatd M. Ruis
INTRODUCTION

Much of the content of aur preseat high scheol and cullege aclance
progracs da based on vutdeted sedeat ific theorivs which were popular at the
end of the 190ty contuyyy Qur sclence curriculum has falled to constder tumy
of the furdinvntally wew theories which hava energed during the past 75 years,
Those nes theories provide not only mare accurate pradict fons but also com=
pletely new explanaticns which have actually replaced explunations of the
Past.  The situation in which woe continue te teach concepts based upon assumplions
which have Jouy ago been rejected as false by sclentists is due to the failure
of cutriculun designers to consider carefully the distinetion between explanation
and prediction in seicence.

Thls paper will examine some of these fmpo :tant distinctions, discuss
the implications they have for science curriculum design, and conclude with a

look at possible new approaches requived in teaching the nature of science,

EXPLANATTION vs PREDITION
The ability to predict future obscrvations and cxperimental results

1s considered by many scientists to he the essential characteristic of a
sclentific theory. Yet the history of sciﬁwce is replete with examples of
Predictions which are based upon very poorly constructed theories. Conversely,
there are nuserous examples of elaborate theories or explanations which have

yielded no predictions whatsoever.

The Babylonians (600-400 B.C.) were expert at makin; accurate
predictions without the use of an explanatory base or theory, While they were
masters at calculating the times and dates of astrononmical events, such as lunar
eclipses, new noons, and positions of the major plancts, their writings reveal

no theories or even thoughts about tie heavens., [1]

On the other hand, the Ionians, who lived and practiced astronomy
at about thie same time, developed elaborate theorles and interpretations from

which it was impacsihle to make predictions, Their theories used homely analogies
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to explain the heavensy  The undverse wan compared to a tubo full of fire with
holes dn it through whivh stars were visibles Thore s little evidence that

they attenpted to predict such things as eclipacs or the peudtions of planets;
and it is doubtful, cousidering their theories, whether such predictions would

have beea succesaful.

While the Babyloatfars were successful in certain predictions, their
fatlure to develop explinatfous placed them in the pre-seience cras. Toulman
arpucs that all science must have at least a mininum theoretical base, even
if this base fs chowvn to rest on false assumptions and is subscequently rejected. [2]
Kuhn has pafuted out that even unsuccessful theories can serve the very useful
purpose of focusing the attention of a scientific cowmunity on a particular
problen, [3)

Of courso the most desirable situation would be a combination of
explanation and prediction, ov. theories which yield reasonubly good predictions,
This is escoentioally the pattern that has developed in most mature sciences over
the past few centuries., lHowever, we must realize that many theories which afe
good predictors teday may, upon further excaination, turn out to be based on false

assunptions and will, in turn, be replaced by entirely new explanatiouns.

Good theories yield predictions which ave in turn tested by experimen-

tation. Coantinued experimentation may reveal that the original theory or model -
is unalble to account for new obscervations. Over a period of time this will lead
to a modification of the original theory or ia rome situations to its complete

demise and replacement by an entirely different theory.

A familiar example of this was the change from the vtolemaic or Earth-
centerced mode! to the Coperaican or Sun-centered wodel of the solar system. The
Ptolemaic model is a reasonably good predictor of the positions of the sun, moon
and plaucts and even today it can be used with some success in earth-btased navi-
gation. However, the failure of these predictions to conform to the much more
acc.rate observatiors of the 16th century led to th2 eventual rejection of the
Ptolemaic model and its replacemcnt by the Copcrnican model. It was this failure
to preaict at a veory high degree of accuracy that provided the impetus for the
developiont of aa alteraste concept.  Yet while both models are able to predict

the poaitiaas of the sun, noon and plavcts (altbauzh at differeat levels of
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Caccuracy) it s dmportant te note thit the models thamselves vepresent

S,

entirvely ¢iffovent and putuslly exclusiye ways of deseriblog the wotiors of
tha plancts,  Each represents an entdrely diffore - way of viewdng the structure
of the solar systenm even though thelr predictions merge within a particular vange

of ohucrvatlions,
Mouw which ©adol should we teach our students? In this situation the
auswer seems clear enoughs While we way actually teach about both of then, since

the two todels are tutually exclusive, one at Jeust must be vejected as dncorrect.

CWhile we canuot kuow for cortain if a theory is true in sclionce we capn now when

it is falue, and in this case we do not teach the Ptolemaie madel as a true model

of the solar systeun.

Yet in other areas of science we continue to teach concepts tased upon
models and the:wies which have long ago been rejected by scientists, We are 4
the wceningly untenable position of teaching incorrect concepts to students who

will probably =ever take another formal course iu science.

Our science curriculum is, for the most part, devoid of the rew concepts
and theorics of the 20th century which have replaced the classical tlcories of

the previous century and have so revolutionized our view of the univarc -,

The main reason for continuing to teach theories based on faine
assusptions is our lack of understanding about the differences between cvplanation
and prediction. This lack of understanding results from a misinterprecotion of

what is known as the Correspondence Principle.

This principle, first applied in a limited way by Niels Bohr to the
theory of atomic structure, has since been used in a much broader sense to cover

other theoric in plysics, chemistry and biology.
The principle as stated by Bohr in 19073 is:

"that ... in the linit of high quantum numbers the

predictions of quantum theory agree with those of

e L

classical phyeics,™ [4]
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cno o Presented dnothis lhwlted vay fts weandug i fairly cleare  The cwphasis is

on the word predictions,  Bohr da saying that for the macroscople world (high

quantun nuabers) the predictlons of quantam wechanies and classical physics
agree.  The predictions of any new theory ruaat be at least as good as those

of the older wellewstablished theory 1t replacas, ;

1f, ou the other hand, we adopt the broader statemoent of the
Correspondence Princinle taken from a pepulav elunientary science text, serious

uwisinterpretations can result, ’

"We know in advance that any unew theory in physics
(science) == whatever its character or detalls -—-
nust reduce to the well-established classical theory
to which it corresponds when the new theory is applied
to the circunstances for which the less general theory

is known to hold," [5] 3

Stated in this way we are led to believe that nc ' broader theories or ex-

————— =

planations actually reduce to, or become, older theories when applied to

T

circumstances for which the older less general ﬁhcories are known to hold --

a situation which rarely is true in science. It would mean that the Copernican
model of the solar :ystem reduced to or became the Ptolemaic model vhen applied ' {
to the circumstances of less accurate observations. This is of -course absurd.
While their predictions correspond closely under certain circumstances, the g
models or theories thensclves are quite dissimllar ways of viewsing the universe. |
New thecories in science often present entirely different ways of viewing and

explaining nrature, even though under corresponding circumstances their predic-

tions are esscentially the same as those of the theories they :cplace,

Science teachers do not seen to have difficulty in distinguishing
between prediction and explanation in simple models of the solar systenm, but
as toon as they move to somewhat nore sophisticated concepts in the science

curriculum, these distinctions are glossed over, . ;

When the onginecer assumes thet the acceleration due to gravity is the
same at the top and at the bottom of a tall building he is making an assumption
that is coupletely reasonable in a predictive sense, The difference between
a constont acceleration and one caleulated froa the inverse saunre law is a

. . 23 . . '
difference of one part in 1070 Yet the twe assumptions, one of a constant

1 temew e eomme



‘\-,L
. oy DALAR
-1 aest LRt A
accelevation and the other of an acceleratdon that decreasus inversely as

the square of the distance moasured from the center of the earth, are funda-
mentally different ways of desviibing natures  In oan explovatory sense Newton's
Inverae Sguare Law does pot reduce to a case of conatant acceleration for small

changes In distance,

A mora relevant enample would be o cowparison of the Newtoulan and
Finstedinica theories of dynemics.  The predictions of Newtoalan dynanics have
been quite good when desling with natural speeds one would observe at or near
the surface of the earth, But for objects atiaining speads more than ten per-
cent of the speod of light (moce than 20,000 wi/«scce)  the predictions of Vewtonian
dynaiics becore increasingly inaccurate, Vhe predictions of Einsteinian dynanics,
on the other hand, conforu closely to observations of objects going up to and in-
cluding 99.97 of the speed of light, Of course Eifnstein.an theory also predicts
with great accuracy observations below 108 of the speod of light, that is, in
circutstances where Newtonian dynamics was quite successful. Therefore, Finstein's
theory is a rauch broader, more encompassing theory. FEinstein's theory will pre-
dict all that Newton's will and much more, Yet the two theories themselves are
quite differcnt. To see how this is possible, consider as a specific illustration

the ascunmptions that each aiake about the nass of an object.
i J

Newtonian dynamics assumes that the mass of an object is independent

of its speed. This can be expressed in a simple way by the equation,

m = n
v 0

wherc_mv is the rass of an object moving at speed v, and my is the mass of

this same objcct at rest.

Einsteinian dynamics, on the other hand, assumes that the mass of an
object is a function of its speed, increasing as the speed of the object increases.
This is expressed by the equation,

n
m = O

v -
\\J 1 - vz/c2

where v is the spead of the object and ¢ is the speed of light. By substituting

into this eguation ote can see that for speeds much in excess of 0.lc the mass

i
|
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of the object becomes significantly greater than dts veat mass,  For spoeads

Tess than 04030 the wasa of the object fu very close to its rest mass,  Tho

differcuce $s so anall that it can be detected only by the most sophisticated '

fuat runeits,

But this doos not tean that Binstelun's theory of dynamles veducces
to Newten's theory fn the vealm of low velocitivs, We are not talking here
about a minor dfference dn the sisth or seventh decimal place, but rather
about entirely diffcrvent theories, Constoant mass and mass which is depondont
upon velocity ave completely diifereut concepts, Newtonfan and Finsteinian
models reprecent entirely different waye of describing nature, even.in the arvea
where thedr predictions overlap. We cannot accepi both of these theories for
the sare rvnsnn.thlt we cannot accept both the Ptolemaic and the Copernican
wodels. Or as Kuhn has said, "ln order to accept Einstein we must reject
Newten,"[6] While we cannot prove Einstein righ!l we can and have proven
Newton wrong. We cannot teach Einsteinian theory ounly for objects attaining
speeds greater than 20,000 ni/sec. Yet our curriculum nlaces major emphasis

on Newtonian mechanics while barely mentioning the work of Eiunstein.

A similar situation exists between quantum mechanics and classical
physics although there are special features of the quantum mechanical model

that require special attention.

The Uncertainty Principle places a limit on the predictability of
the position and velocity of small particles. Thus it may appear that the
quantuit mechanical theory is a less accurate predictor than the classical
theory it replaces. Upon closer examination this is shown not to be the case.
It is importa~t to distinguish betwcen exact predictions and.accurate pre-
dictions. The predictions of quantum mechaunics are more accurate than those
of classical physics although what they predict is less exact. Classical theory
predicts that one can describe with certainty the position and velocity of a
partf~lc, This prediction is inaccurate or wrong. Quantum theory on the other
hand predicts that description;about the position and velocity of a pariic]e will
be uncortain oo inecxact to some extent., In this secunse quantum mechanics is a |

mor¢ accurate prodictor than the classical theory it replaces.’

Again, in wnys situilar to the situation of Newton and Kinstein, our

physics curricului places major ciphasis on the sinplitied Bohr rodel of the
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“atom with virtually no nentiou of the WYave Equatlou or the Uncortaluty Prluelple.

Likewise, fn other arvvas such as cosuclogy, geophysies, and genotles
there have been sipnificaunt advauves whiteh have forced sclentdasts to reject
previoun theories, yot we continue to teach the veJectod theorics with little

or no mention of those theorfes which supoersade thow,

At the very post, current theorfos ore treated as supplenentary topics
which one "goets arcund to" 4F there s tiwe at the end of the course, Certainly
they are not vesarded as centtal cenceptual schoemos on which to build  wodern

science curriculus, .
DMPLICATIONS FOR SCIENCY CURRICULUM DLSTGN
How thea do we golve this problen in future sclence curriculum design?

Must we discard nost of our elemeatary science textbooks and replace them with
ones that give only treatments of contewporary theovies in physies, chemistry,
and biology? This would be a massive undertaking fuvolving much time, effort,

and expense.  There are several arguments against takiug such a radleal step.

Onec is that many of these older concepts continue to work in a
predictive scase when applied to a wide range of phenomen: . . One could argue
at length with an engincer about the Incorrectness of the assumptious under-
lying Newtonian mnechanies, yoet the fact remains that this relatively simple
model allows the engincer to coustruct very real build..gs, bridges, airplanes
and automobiles., He rarely nceds to consider the more sophisticated and difficult
concepts of relativity, For him the test of the value of a model is whether or

not it can bhe used to produce a workable solution to a practical problem.

The scientists, and by implication the science student, is interested
in much more, He is interested in explanation as well as prediction. It is:
this striving for explanation or understanding that gives meauning to his work,

It is the qualitative difference between the Ionians and the Babylonians.

Certainly we must teach the engincer about Newton's Lews and the
navigator about the Ptolenaic wmodel, but in so doing we must emphasize that
we are talking about somcthing that is acceptable only in the predictive sense,
We must also present a much broader picture which exawtines the various criteria
determining the validity of a theory or a model and malies clear the ijmportant

role of explanation, We cannot continue to teach incorrectly based concepts

-~ fm oy e m— o —— aoim v
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sodely on the grounds that they are reasonably good prodietors, T
A socond arguteht for not wvar cephastaing contesporary theoxles ?
in an dutvoductory science course Lo o dadk of times There ds not euough time i
L > { ' "
\ . S

A

it da arpued, to teach both Blestednion dynandes and Newtondan dynambes) or tha

Bohr pade) of the atom and the guantun rechanteal wmodels  This problen of tiwe A
is a real once,  And the fact, remams that one or two somestors ds probably all

the tive we will ever have with @ group of studentse Qur fatroductory scicuce

coursne i Jikely to be the last gcivnce courie tacse stwdeats will ever take, r
and it appears from o this argument that we have evough time to teach Jncorvect | .

explanatfong, but et enouzh tiue to taeach rore acceptable explanations,

A thivd argunent agalust rushing to teach only contenporary theovles
is more frportant from a padagoaical point of view, It prescuts scientists and
“seionce educators with a true dilewma. The arpuncnt fu that wany of thoe con-
tenporary theorics in science are so difficult that wmost students and many
teachers could net understand them.  This is aometines.true even for scientists,

As Wolfgans Pauli observed {n the carly 1920's:

"AL the moment physics is again terribly coufusced. In any

casv, it is too difffcult for ma, and I wish 1 had been
a povic comcdian or something of the sort and had never

heard of physics," [7]

To present, in an honest way, the concepts of relativity and quantum mechanies .
requires a depth of understanding few physics majors received in four yedrs of
university work, The problem of prescating this information in one year to

ternina® scicnce students is obvious enough.

!

Perhap this ie the real reason we have found tiwme "o teach both ;

!

the Ptolemnaic aud Coperaican model but not the time to teach the theories of ;

both Newton and Einstedln., The former are easily understood and within the realm
of everydny exporiences., This is not the case with the latter (quantum mechanics
and relativity), Doces this situation mean that we have actually reached a point
in the developrent of seience whore curvent theories and pavadigme ave incompre-
hensible to the vast majority of our populatien? 1f this is so, then science
will continue to loue touch with the very people who benefit from it and who are
asred to sepport it

In addition to the above nvguneats, there is a wore fundarontal reasen

why we should not discard all old theories and teach only the latest advances,
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This reason is peoted dn the very nature of science Ltoelf. Wo Koow frowm
a study of histery that, at Jeaat dn the explanatory sense, tha new theories
of today will woat lilely be the old theovies of tomoryows While we cau be
reasanably sure that present theovies will continue to prodict with a certaln
degree of accuracy, wo cannot be as sure that their explanations will vrenaln
valid,  When voe coasddors the advances seiconee has nade fu the poaut century it
is veascanble to suppase that, within our students? Jifotdime, a nunber of today's

theorics will becore cutduted,

In placing edceasive emphasis on what {e ecurvent iu science we enter
a futile roce to Reep one step ahead of the latest advances This will not help
our studeats Interpret sedence 20 or 30 years after they have left scheol. If
a major goal of scivace vducaticn is to produce autonomous learners, then we nust
give students sowething that hns survival value, Something that will allow them
to adapt to the accelevating changes In science that will take place in the decades

5
to corwee  This gonething invoelves more than an understanding of basic concepts

and principices. It involves an understanding of how science itself progresscs.

It duvolves the developmeat of a wodel that brings out clearly the distinctious

and at the sane tine points out the interrelationship between explanation and
prediction. Vo should ure a madel which allows students to incorporate now
advances n sclence into a stable structure. They should realize that explanations
scerve as useful but testative models around wihiich further predictious and advances

can be made and that these explanations ave not finnl truths ir themselves.,
FUTURE POSSIBILITIES
This paper then is an argumeat for a curriculum the central focus of

which should be to exa=ine the nature of science, the scientific enterprise and
the clarccteristics of scientists. To accotiplish thiese ends in high school and
liberal arts collcge courses studeats need more than standard treatments of the
history and philosophy of science =-- treatmients which tend to be too abstract and
removed from their evervyday experiencea, New, fnaginative approaches using case
histories, visite with scientiste, and rescarch projects are steps in the right

dircctiou.

In addition, more attention nceds to be given to the use of analogies
and sinulation grneg in the classroon,  Analogics serve as Jeariing tools which
cornest whint the vtadeal alreadly kuoes with vhet Lo {a prescontly trying to learn,

Tho - the cooToee botecon the Prolenric and Coporaicaa moedels con be used to

X

illustirate the forn of present and future changes in scientific theories.
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Sinulation gawes caa provide the necessary vehilele to tie analoptes together,
to provide motivat fany and to couneet analegles with the siudun&a' everyday
expericncesy Ploncoring work has been done dn this respect o the teaching
of the social scicuees ccononfes and education, but very little has bown
attetptoed with natural saience curricula,

By providing a fravewcorin which waies clear the function of exe
;rl:nnui onand predicticn dn sefeuce we will be helplng students to under-
stand rave clearly the prospects and lwltations of science in the decades

Lo Cutl.e,
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